Molecular dynamics simulations have been carried out with four polypeptides, Ala13, Val13, Ser13, and Ala4Gly5Ala4, in vacuo and with explicit hydration. The unfolding of the polypeptides, which are initially fully a-helix in conformation, has been monitored during trajectories of 0.3 ns at 350 K. A rank of Ala < Val < Ser < Gly is found in the order of increasing rate of unwinding. The unfolding of Ala13 and Val13 is completed in hundreds of picoseconds, while that of Ser13 is about one order of magnitude faster. The helix content of the peptide containing glycine residues falls to zero within a few picoseconds. Ramachandran plots indicate quite distinct equilibrium distributions and time evolution of dihedral angles in water and in vacuum for each residue type. The unfolding of polyalanine and polyvaline helices is accelerated due to solvation. In contrast, polyserine is more stable in water compared to vacuum, because its side chains can form intramolecular hydrogen bonds with the backbone more readily in vacuum, which disrupts the helix. Distribution functions of the spatial and angular position of water molecules in the proximity of the polypeptide backbone polar groups reveal the stabilization of the coiled structures by hydration. The transition from helix to coil is characterized by the appearance of a new peak in the probability distribution at a specific location characteristic of hydrogen bond formation between water and backbone polar groups. No significant insertion of water molecules is observed at the precise onset of unwinding, while (i, i+3) hydrogen bond formation is frequently detected at the initiation of a-helix unwinding.
INTRODUCTION
It has long been accepted that individual protein fragments or short polypeptides should not form helices in water, following the Zimm-Bragg theory of helix-coil equilibrium (Zimm and Bragg, 1959) . The C-and S-peptide fragments of ribonuclease A were the first examples with significant a-helix formation in water near 0°C (Brown and Klee, 1971; Bierzynski et al., 1982; Kim and Baldwin, 1984) . Later other de novo designed peptides (Marqusee and Baldwin, 1987; Lyu et al., 1989; Bradley et al., 1990; Huyghues-Despointes et al., 1993) have been reported to assume helical structure at low temperature. The unusually stable a-helix formation observed in 16-residue alanine-based peptides has been attributed to the high helix-forming potential of alanines (Marqusee et al., 1989) .
Helical propensity scales for amino acids have been obtained either directly from stability experiments in hostguest systems (Sueki et al., 1984; Lyu et al., 1990; O'Neil and DeGrado, 1990 ; Padmanabhan et al., 1990; Wojcik et al., 1990; Chakrabartty et al., 1994) including site-directed mutagenesis at specific sites (Horovitz et al., 1992; Blaber et al., 1993) , or from the statistical analysis of known structures (Chou and Fasman, 1978) . A recent review (Chakrabartty and Baldwin, 1995) summarizes experimental and theoretical work on the stability of a-helices. The resulting rankings exhibit some dependence on the detection method, as well as on the sequence context (Padmanabhan et al., 1990) . The extent to which the helical propensities reflect the intrinsic properties of individual residues irrespective of the environment or result from solvent effects is not yet resolved. Likewise, the relative contributions of intramolecular and intermolecular effects to a-helix winding/unwinding kinetics are not well-established.
Molecular dynamics (MD) simulations provide one direct approach for understanding the conformational preferences of amino acids and for gaining insights into the mechanism of helix formation, stabilization, and disruption, as reviewed by Brooks and Case (1993) . Simulations of helix-coil transitions in peptides may be classified into two broad groups: 1) those investigating the thermodynamics of helix-coil transition, and 2) those examining the kinetics of the folding/unfolding. The former group of studies focuses primarily on the distributions of conformational states, or on the free energy changes associated with helix-coil transition (Andersen and Hermans, 1988; Yun and Hermans, 1991; Hermans et al., 1992; Wang et al., 1995) . These provide, for example, estimates of the Zimm-Bragg parameters as a function of amino acid type (Hermans et al., 1992; Wang et al., 1995) . The second group of simulations, on the other hand, concentrates on the time evolution or on the mechanism of helix formation or disruption (Soman et al., 1991 (Soman et al., , 1993 DiCapua et al., 1990 DiCapua et al., , 1991 Daggett et al., 1991; Daggett and Levitt, 1992) . Activation energies for helix-to-coil transitions are extracted from these simulations by comparing the unfold-ing rates at different temperatures (Daggett and Levitt, 1992) . A conclusive picture could not be reached so far on the mechanism of helix-coil transitions, presumably because of the difficulty of accurately sampling the high energy barrier region. For example, a tendency of (i, i+4) hydrogen bonds to switch to bifurcated a/310-helical forms or to (i, i+3) hydrogen bonds has been identified as an important mechanism in helix unwinding (Soman et al., 1991 (Soman et al., , 1993 , as well as the insertion of water molecules into helical hydrogen bonds (Soman et al., 1991; DiCapua et al., 1990 DiCapua et al., , 1991 . The latter is also suggested by an analysis of crystal structures (Sundaralingam and Sekharudu, 1989) . According to the thermodynamic analysis of , on the other hand, water molecules do not form a threecentered hydrogen bond with the (CO)i and (NH)i+4 groups of a-helices during the initiation of helix unwinding; instead, the (CO)i and (NH)i+4 groups are solvated by different water molecules as the helix unwinds. Simulations of oligoalanines unfolding by Daggett and Levitt (1992) have not shown any evidence of helix destabilization upon water insertion.
In the present study, we examine the residue-specific unfolding of helical peptides, and the interference of water molecules as a function of the type of the amino acid. MD simulations are carried in vacuum and with explicit water molecules. We consider short helical polypeptides of alanine, valine, serine, and glycine. Radial and angular distributions of water molecules in the neighborhood of specific residues will be analyzed. The following issues will be considered: 1) are the dihedral angle distributions, conventionally determined from short-range intramolecular interactions (Brant et al., 1967) , reproducible in MD simulations, uninfluenced by the solvation? 2) to what extent and in which direction do interactions with water affect the unfolding rates of particular amino acids in helical state? 3) is it possible to observe a direct correlation between the loci of water molecules and the conformational transitions of the backbone? Results regarding these issues will be presented and discussed in the Results section. We will also focus on the onset of unwinding to identify which mechanisms dom-inate the helix-to-coil transition. The latter will be shown to be highly residue-specific.
METHODS
MD simulations are carried out using the GROMOS87 simulation package (van Gunsteren and Berendsen, 1987) . Four different model polypeptides, each comprising 13 residues, are simulated separately in vacuum and in the presence of explicit water molecules at 350 K and 1 bar, as summarized in Table 1 . The primary structures of the polypeptides are Ala13, Val13, Ser,3, and Ala4Gly5Ala4. The zwitterionic form of the peptide backbone is used, so the N-and C-termini are NH' and COO-. The polypeptides are designated as pAla, pVal, pSer, and pGly for simplicity. Simulations in water and vacuum are differentiated by the suffix w and v, respectively. Two or more independent runs starting with different initial Gaussian velocities have been performed for each model chain in each medium so as to capture the reproducible features and diminish the statistical errors.
The initial conformations are taken to be right-handed a-helix. Bond lengths are constrained by the Shake algorithm (Ryckaert et al., 1977) , which permits the adoption of 2-fs step sizes. The standard parameter set 37C4 of GROMOS87 is used for atomic interactions. The simple point charge (SPC) model (Berendsen et al., 1981 ) is adopted for water molecules. Non-bonded interactions are cut off at 0.8 nm, a value which has proven to provide an adequate description of the helix-coil equilibrium energetics in polypeptides (Wang et al., 1995) . Use of a shorter cutoff distance would underestimate the stability of helices (Schreiber and Steinhauser, 1992) . Steepest descent energy minimization of 50 steps, and 2-ps equilibration periods with strong coupling to an external heat and pressure bath (Berendsen et al., 1984) at 350 K and 1 bar, are performed before each MD run. Simulations of 0.3 ns are then performed in each case, except for pGly-v, which was extended to 1 ns. Temperature and pressure scaling parameters (Berendsen et al., 1984) of 0.1 ps and 0.5 ps, respectively, are adopted. The atomic coordinates are saved every 0.25 ps, resulting in 1200 snapshots of structures recorded in each independent run of 0.3 ns.
The box sizes and numbers of water molecules are chosen such that, after equilibration, a water layer of thickness -0.7 nm surrounds each solvent-exposed atom. Previous simulations of macromolecules in solution demonstrated that results are not significantly affected by the size of the simulation box, provided that the radius of gyration Rg of the chain is in the range R/L < 0.25, L being the edge of the cubic box Doruker and Bahar, 1993) . Due to the asymmetry of the original conformations, rectangular boxes are adopted here. The x-, y-, and z-components of the instantaneous radii of gyration (Rgx, Rgy, and Rgz) were monitored in relation to the edges Lx, LyI and Lz of the simulation box, to verify that the ratios RgilLi (i = x, y, and z) remained within the acceptable range during simulations. Simulations performed with a larger size box for Ala13 (see Table 1 ) also confirmed that the further increase in the thickness of At least two independent runs were performed for each of the tabulated systems. Simulations for pVal were repeated with different geometry and energy parameters for the side chain.
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Residue-Specific and Hydration Effects on a-Helix Unfolding hydration shell had negligible effect, in agreement with other MD simulations of hydrated proteins (Steinbach and Brooks, 1993) .
RESULTS AND DISCUSSION Distributions of dihedral angles
The time evolution of the dihedral angles (4), qi) were found to be strongly dependent on hydration. The Ramachandran plots obtained for alanine at different stages of simulations, namely t < 0.1 ns, 0.1 ' t < 0.2 ns, and 0.2 ' t < 0.3 ns, are displayed in Fig. 1 . The plots a-c refer to the successive results obtained with explicit hydration, and parts a'-c' to those in vacuum. The counterparts of these plots for glycine are shown in Fig. 2. (4), qi) angle pairs of all residues in pAla except the terminal ones are included in Fig. 1 , whereas only the middle five glycines of pGly are considered in obtaining Fig. 2 . Serine and valine were found to yield dihedral angle distributions similar to Ala, and therefore are not shown. First, let us examine the results obtained with explicit hydration. The results for pAla-w and pGly-w in the interval pAla-w, t < 0.1 ns 0.2 c t < 0.3 ns, shown in parts c of the two figures, exhibit the well-known characteristics of the classical Ramachandran plots, conforming with the identifications of Ala and Gly as helix-forming and breaking amino acids, respectively. The a-helical region is highly populated in parts a, because of the choice of all helical initial conformers. In Ala, the 3-sheet region is gradually populated as the simulation proceeds, as may be observed from Fig. 1 b; this phase is succeeded by the sampling of the left-handed a-helical region of the conformational space in part c. In the case of glycine (Fig. 2) , the upper left, lower right, and upper right quadrants of the dihedral angle plots are successively populated, as may be verified from parts a-c. The bias from the original helical structures apparently disappears after a MD run of 0.2 ns in water. The final distributions (c') attained in vacuum simulations exhibit a striking departure from their counterparts c obtained with explicit hydration. For example, a predominance of the a-helical state is distinguished for pAla-v, which suggests that the original secondary structure is sub-
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.1 an stantially more persistent in the absence of water molecules. pGly-v, on the other hand, exhibits an excessive tendency to populate the upper left and lower right quadrants. The asymmetry of the (', '1) plot for pGly-v (0.2 < t < 0.3 ns) persisted throughout a longer duration (1 ns) run. Thus, glycine residues cannot effectively sample the configurational space in vacuo, but remain trapped in local energy minima.
We note that the pair of dihedral angles (4, t.)-(-90°, 900) for the ith residue is characteristic of the Ceq structure, a seven-atom ring completed by a hydrogen bond between (CO)j1j and (NH)j,j (Mezei et al., 1985) . This pair of dihedral angles and its symmetric counterpart (900, -90°), are strongly favored in pGly-v, as illustrated in Fig. 2 , parts a'-c'. This is consistent with the strong tendency of the polypeptide to satisfy all hydrogen bond-forming groups. Such a strong bias for intramolecular hydrogen bond formation was not observed in the runs with explicit hydration, a-c, the polypeptide polar groups being in this case satisfactorily solvated by water molecules. Neglect of explicit hydration thus favors intramolecular hydrogen bonds. A result is the tendency of the molecule to assume relatively more compact conformations, a commonly observed bias in vacuum simulations of proteins or polypeptides.
Solvent effects on the time evolution of helical fragments The distance between the ith carbonyl group and the (i+4)th amide group is used as a criterion for helical state with a value of 2.3 A adopted as an upper limit for the separation between the two groups. Occurrences of seven possible (i, i + 4) hydrogen bonds in pAla, pVal, and pSer are inspected at each snapshot of 300-ps independent MD runs. The fractions of unperturbed (i, i + 4) pairs are determined as a function of time. Figs. 3a-c display the percentage of helical residues, or more precisely (CO)i and (NH)j+4 pairs forming hydrogen bonds characteristic of a-helices, plotted at 3.0-ps intervals.
Results are shown for Ala, Val, and Ser in parts a-c, respectively. The lightface and boldface curves refer to the respective behaviors in vacuo and with explicit hydration. The curve for glycine exhibits a precipitous drop to zero within picoseconds, and therefore it is not shown. A significant fraction of helical residues unfolds during the equilibration, such that the percentage of helical residues starts from .70% at t = 0. After this initial drop, the curves for Ala and Val are found to approximate an exponential time decay. The characteristic times for the unwinding of pAla-w and pVal-w are found to be 396 and 307 ps, respectively, with correlation coefficients of 0.905 + 0.05, from the fitting of the corresponding decay curves in Fig. 3 by single exponentials in the range 0 < t < 300 ps. pSer-w, on the other hand, levels off to an asymptotic value within the first 50 ps.
The rank order Ala > Val > Ser > Gly is manifested in the unfolding rates of polypeptides. Ala and Val exhibit Hydration is observed to have opposite effects on the stability of Ser helices compared to Ala and Gly, as can be seen from the two time decay curves obtained for the two environments. similar kinetics, both in vacuum and in water, indicating that the energy barriers to be surmounted by these residues during helix unwinding are comparable in magnitude. The adoption of a collapsed (or unified) atom approximation for methyl groups in the standard parameter set 37C4 of GROMOS87 presently used may have diminished the steric effects that destabilize the original helical state of valine, resulting in a slowing down of the unwinding of pVal. Previous comparison of helix stabilities of alanine and valine (Yun and Hermans, 1991) energy difference between the coil and helix states of Val exceeds that of Ala by AAG = 3.4 kJ/mol if full atomic interactions are taken into consideration for the methyl groups; whereas AAG reduces to 0.6 kJ/mol if a central atom potential conforming with the collapse of hydrogens onto the methyl carbon atom is adopted. It is likely that a decrease in the free energy of the initial (helical) state of valine due to the unified atom model has induced here an increase in activation energy, and thus moderated the unwinding rate of pVal helices. Simulations of pVal repeated by increasing the van der Waals radii of the CH3 groups indicate, in fact, an enhancement in helix unwinding. A reduction in the intrinsic torsional barrier of C--CO bond was also found to accelerate the unwinding. These tests demonstrate that the steric effects associated with the side chain, and the enhanced rotational mobility of the side groups, may contribute to the destabilization of valine helices. Nevertheless, we chose to do simulations with the 37C4 force field of GROMOS87. The van der Waals parameters for CH3 therein closely match those of the newer version of the same package (force field 43A1 of GRO-MOS96), and the CaC3 bond torsion potential parameters are left unchanged (van Gunsteren et al., 1996) . The unfolding rates of pAla and pVal helices are significantly enhanced when explicit water molecules are introduced. The model polypeptide pSer, on the other hand, exhibits the opposite behavior with regard to the effects of water: pSer helix is rapidly unwound in vacuo, while the unwinding is observed to be slower in the presence of water molecules. Therefore, the fast unwinding of Ser is intrinsic to the residue itself. This property is related to the tendency of the -OH side groups to form hydrogen bonds with the carbonyl groups, thus breaking the hydrogen bonds stabilizing the a-helices. In the presence of water, some of the OH groups are caught in hydrogen bonds with water, and consequently the competition of such backbone-side group hydrogen bonds for backbone hydrogen bonds is weaker, which explains the relative positions of the two curves in Fig. 3 c.
The number of hydroxyl groups forming a hydrogen bond with backbone carboxyl groups in pSer were counted as 4290 in vacuo and 372 in water, using the results from two independent runs for each environment. This indicates immediately the stronger tendency to form intramolecular hydrogen bonds in vacuo at the expense of those stabilizing the a-helical states. Fifty-nine percent of the intramolecular hydrogen bonds occur between OH and CO groups, while the remaining 41% are backbone-backbone hydrogen bonds. Among the hydrogen bonds formed between OH and CO groups, 41.6% occur between the OH of residue i and the CO of residue (i-4), and 24.1% between the respective groups of residues i and i-3. This is further evidence that the hydroxyl side group of Ser competes effectively with the backbone amide group in helices and eventually displaces the amide to form a hydrogen bond with the carbonyl group.
Distribution of water molecules around alanine, valine, serine, and glycine
The radial distribution functions g(r) for water oxygen atoms in the neighborhood of side group atoms of different types are displayed in Fig. 4 . The distributions are calculated for the C3 atoms of Val and Ala, O' atoms of Ser, and C' atoms of Val. The subset of residues whose dihedral angles lie in the ranges -I00°c -< -25°and -80°q f -< -5°are considered (Daggett and Levitt, 1992) here, in order to visualize the clustering of water molecules around helical fragments. The ordinate represents the number of water oxygens located within spherical shells of radius r and thickness 0.2 A centered about the atoms of interest, averaged over various snapshots and normalized upon division by r2 first, and then with respect to the asymptotic value at r-0A.
The distributions of water molecules near helices exhibit residue-specific characteristics: the (3-carbon of Val is quite protected from water, the most probable separation being -4 A. This is due to the steric hindering of the Cy atoms, whereas water molecules come closer (-3.5 A) to the ,B-carbon of Ala. The fact that the C3 atom of Val is less accessible to water compared to the same atom in Ala implies that the pAla backbone is more open to hydration effects, which might destabilize the helical hydrogen bonds, compared to pVal. The hydroxyl oxygen of Ser, on the other hand, is highly susceptible to hydrogen bond formation with water, as the peak at -2.7 A reveals. In the figure inset, the distribution for the C' atom of Val is shown to be superimposable upon that of Ala C9, demonstrating that the solvation of the terminal methyl groups are almost identical, regardless of the residue type.
In crystal structures, the peaks for the first hydration shell around the C3 atoms of Ala and the C' atom of Val are Residue-Specific and Hydration Effects on a-Helix Unfolding found to be in the range 3.8-4.0 A (Walshaw and Goodfellow, 1993) , and the first hydration shell around the ,3-carbon of Val is shifted to 4.3-4.5 A. Present MD runs yield values lower by -0.5 A, presumably due to the adoption of unified atom approximation. This conforms with previous remarks (Smith et al., 1995) on modifying the Lennard-Jones repulsive energy parameters between carbon atoms and SPC water oxygens in order to better mimic the hydration of carbon atoms. We also examined the angular distribution for water molecules, g(O), in the range r < 5 A, around different side groups. g(i ¶) around the O atom of serine (not shown) exhibits a peak at 750, approximating a tetrahedral packing.
Here, e denotes the supplement of the angle between CP-O0 and Oy O(water). The distributions from crystal structures (Thanki et al., 1988) show a similar peak at 650 and a broad excluded region > 120', which is due to the steric overlap with the backbone. Likewise, g(O) around C0 of alanine (not shown) exhibits a peaks at 85°and an excluded region in the range 1400 < la < 180°, in good agreement with results from crystal structures (Walshaw and Goodfellow, 1993) . For alanine, e refers to the angle between Ca-CO and C03 .* O(water).
The complete description of the position of the water molecules relative to the backbone also necessitates the specification of the azimuthal angle (p. Following the definition of Walshaw and Goodfellow, (p is the angle that the projection of r on a plane perpendicular to the bond C--C makes with the plane defined by the consecutive bonds Ca--CO and Ca-N. Present MD runs yielded bimodal distributions with peaks around ±90°, with a larger number of water molecules at negative So values, and some volume exclusion at (p = O°and ± 1800, which is due to the interference with the polar groups of the neighboring residues along the backbone. These results are similar to those extracted from crystal structure data (Walshaw and Goodfellow, 1993) .
Correlation between destabilization of helices and formation of hydrogen bonds between polar backbone groups and water
The solvation of the polar groups of the polypeptide backbone are analyzed here in terms of the two-dimensional pair distribution functions g(r, 0) of water molecules around carbonyl oxygens. The distributions g(r, 0) are determined for two distinct sets of conformers for a given residue, shortly referred to as helix and coil, identified on the basis of the (i, i + 4) intramolecular hydrogen bond, as previously described. g(r, 0) thus reflect the hydration of the particular amino acid before and after the disruption of helical structure. Here r is the distance between the carbonyl 0 and the water H (the one closer to carbonyl oxygen among the two H of H20), shortly referred to as ... H distance. 0 is the supplement of the angle between C=O and O --H. Grids of size Ar = 0.2 A and AO = 3.60 in the ranges r ' 10 A and 0 ' 0 ' 180°are examined at 0.25-ps intervals for evaluating the average numbers of ... H pairs. These numbers are divided by r2sin 0, so as to remove the biases arising from the different volumes of the successive shells and from the uniform distribution (½)sin 0 over 0. The results are referred to as the normalized distributions g(r, 0). Figs. 5 a and b compare the hydration patterns around the carbonyl oxygen of Val before and after disruption of the (i, i + 4) hydrogen bonds. Both the three-dimensional plots and the corresponding contours are shown for clarity. The most striking difference between the surfaces a and b is the appearance of a broad peak in the vicinity of r = 2 A, 0 c 0 . 500 in the coil state, which is altogether absent in the helix state. This particular geometry, i.e., -2 A separation between C==O oxygen and water H, and -25°angular deflection between C==O and 0 .. *H, is typical of hydrogen g(r,O) bond formation. The peak appearing in part b is therefore direct evidence of the hydrogen bond between the backbone polar groups and the water molecules, which is implicated in the helix disruption. Examination of the equivalent distributions for Ala and Ser indicate the same main feature, and consequently are not shown: namely, there is a direct correlation between the loci of nearest water molecules and the conformational state of the backbone; the location r 2 A, 0 ' 0 ' 500 emerges as a highly probable position for water molecules in all three cases (pAla-w, pVal-w, and pSer-w) upon destabilization of the helix structure, while the same region is barely occupied in stable helices. In the case of glycine, no comparison of two distribution surfaces is possible since the backbone does not assume the helical state to any significant extent throughout the MD runs. The only surface obtainable, that of water molecules in the neighborhood of backbone polar groups in the disordered state, is given in Fig. 6 . There is no discernible peak near 2 A, although the region 2 ' r ' 6 A is frequently visited.
Two features deserve attention in the above three-dimensional plots. 1) The vertical scale in part a of Fig. 5 is significantly lower than that of part b. This is a direct consequence of the fewer incidences of helical states for Val than coil states. The absolute height of the surface thus provides a measure of the relative probabilities of helix and coil states for the particular residues. 2) The normalization with respect to 0 enhances the probability of the angles close to O0 and 1800. This effect may be eliminated by omitting the normalization with respect to 0 in evaluating g(r, 0). The resulting distributions are illustrated for pAla in Figs. 7 a and b. The preference for the polar angle 0 180°v anishes, in this case. However, the peak around r = 2 A and 0 = 40°, which indicates the formation of intermolecular hydrogen bonds, persists regardless of the normalization procedure. A closer look at the region r ' 3.5 A reveals the strong bias toward lower 0 values imparted upon transition from Fig.  5 . The division by sin 0 is omitted here, hence the notation g(r, 0)sin 0 for the vertical axis. The actual 0-dependence is shown here, rather than the deviation from the homogeneous distribution that was depicted in Figs. 5 and 6. The preference for 0 1800 vanishes, in this case, whereas the peak around r 2 A, 0 400, indicating the occurrence of intermolecular hydrogen bonds, persists. helix to coil state, as illustrated in Fig. 8 . Here, the curves are normalized so that the areas enclosed are unity in each case. The differences between the curves for different residues in a given structure are notably small. The angular distributions are thus dominated by the conformational state of the polypeptide backbone.
Remarks on the mechanism of helix unwinding In a survey of protein crystal structures that contain hydrated a-helices, occasional insertion of water molecules into the backbone hydrogen bond was revealed (Sundaralingam and Sekharudu, 1989) by the formation of a threecentered hydrogen bond. These structures, in which water acts as a bridge between the carbonyl and amide groups of an intact backbone hydrogen bond, were suggested to be intermediates in the folding/unfolding pathway. Later, MD simulations of polyalanine peptides (DiCapua et al., 1991) also indicated the destabilization of helices by this specific water insertion process, whereas no such process was ob- Here, water molecules located solely in the region r ' 3.5 A are considered. The distributions are normalized such that the enclosed area is unity in each case. A strong bias toward lower 0 values in favor of intermolecular hydrogen bonding geometry is imparted on passing from the helix to the coil state. served in the case of polyglycine. In contrast, simulations of a polyalanine of 13 residues (Daggett and Levitt, 1992) have not shown any evidence of helix destabilization upon water insertion, even though a significant population of water bridges among disrupted hydrogen bonds was observed. These conform with the previous MD results of obtained with the umbrella sampling technique. Our simulation results also support this second group. No significant occurrence of three-centered hydrogen bonds, i.e., inserted water molecules, could be observed in the present study at the exact transition point during the helix-to-coil pathway. Figs. 5b and 6b reflect, in fact, the stabilization of the coil state by hydration after the unwinding of helices, rather than the interference of water molecules at the transition state. In particular, the backbone polar groups of pVal were found to be the most protected from water molecules among the three residues Ala, Val, and Ser, both in the helix and the coil states, which implies that insertion of water molecules is altogether inapplicable in the unwinding of helical valines.
Another mechanism involved in the unwinding of a-helices was pointed out to be the replacement of (i, i + 4) hydrogen bonds typical of a-helices by (i, i + 3) hydrogen bonds between the groups (NH)i and (CO)6+3, in conformity with the 310 helical state. In order to explore the validity of this mechanism, a systematic analysis of the time evolution out for all residues originally participating in a-helices. A distance range of r ' 2.3 A between these atoms is again accepted as a criterion of hydrogen bond formation. Our analysis reveals that in pAla in particular, the replacement of (i, i + 4) hydrogen bonds by (i, i + 3) hydrogen bonds is a rather frequent feature at the onset of the unwinding of a-helices. Almost half of the disruptions of (i, i + 4) hydrogen bonds in pAla and pVal in water are found to be accompanied by (i, i+3) hydrogen bond formation. Fig. 9 In addition to such helix-to-coil transitions, interconversions between (i, i + 4) and (i, i + 3) hydrogen bonds were also observable, in some cases, suggesting that the formation of (i, i + 3) hydrogen bonds is equally operative in the folding pathway of a-helices. Part b of Fig. 9 illustrates one such example of interconversions between (i, i + 4) and (i, i + 3) hydrogen bonds observed in a run of pVal in water. A careful examination of Fig. 9 shows that fluctuations of considerable amplitude occur in the atomic positions, and particularly in the separation between hydrogen bond-forming polar groups characteristic of a-helices, before the disruption of a-helices. The same feature was also observed for the fluctuations of dihedral angles (Fig. 3) , demonstrating that relatively high amplitude torsional oscillations, and even occasional rotational jumps, take place inducing rapid interconversions between helix and coil states before the final stabilization of the coiled state. Our analysis shows that among this multitude of transitions, only those stabilized by solvation (i.e., hydrogen bond formation with water molecules) or by favorable intramolecular interactions [e.g., hydrogen bond formation between (i, i + 3) backbone polar groups, or between (OH)i and (CO)j4 for serine] are persistent and lead to the complete unwinding of the helix.
We note that free energy calculations , and MD simulations at various temperatures (Daggett and Levitt, 1992) , indicated a barrier height of -2.0 kcal/mol for the helix-to-coil transition of alanine. Insofar as the free energy level of the activated state between helix and coil states is concerned, Tobias and Brooks pointed out that valine-rich helices destabilize faster over alanine-based analogs due to a favorable solvation component in the intermediate (reverse turn) state. Accordingly, the transition from helix to coil (or extended) state is done by a passage through an intermediate metastable state, the reverse turn, the free energy barriers for the successive steps helix-to-turn and turn-to-extended being 1.1 and 2.1 kcal/ mol, respectively. The same reaction coordinate is found to involve the respective free energy barriers of 1.9 and 1.2 kcal/mol in the case of alanine . residues occurs within a time scale comparable to that of alanine, in spite of the faster initiation of the unwinding of valine. In the present simulations, the initiation of unfolding is of the order of picoseconds in both pVal and pAla, as the original drop in the curves indicates. The global unwinding, on the other hand, occurs in the range of hundreds of picoseconds, as shown above, both for pAla and pVal, confirming the occurrence of an effective activation energy of comparable magnitude.
CONCLUSIONS
The major conclusions of the present study are summarized as follows. First, the effect of the aqueous environment on the unfolding of a-helices is highly residue-specific. The unwinding of Ala and Val a-helices is accelerated in water compared to in vacuo. Ser, on the other hand, exhibits the opposite behavior. Its helix conformation is rapidly disrupted in vacuo, while a net decrease in the unwinding rate is observed with explicit hydration. In fact, water molecules compete with intramolecular hydrogen bonds and eventually break them, in the case of Ala and Val in helices; but in Ser, the intramolecular hydrogen bonds of helices are already substantially destabilized by the side-group hydroxyl groups, which exhibit a strong tendency to form side-groupbackbone hydrogen bonds with the C==O group of the third or fourth preceding residue. Water molecules attenuate this effect by capturing some hydroxyl groups.
Second, both the time evolution and the equilibrium distribution of dihedral angles are affected by hydration. The equilibrium distributions of dihedral angles in water approximate the conventional Ramachandran plots, whereas in vacuo Ala exhibits a strong preference for the a-helical state. Likewise, in vacuo Gly remains trapped in local energy minima stabilized by a hydrogen bond between (CO)i_1 and (NH)i+ Third, a rank of Gly > Ser > Val Ala is observed in the rate of unwinding of the helical states of the four investigated residues. The breakup of pAla and pVal helices in water is completed on the order of tenths of nanoseconds, conforming with previous predictions (Brooks and Case, 1993) , whereas pSer unfolds within -50 ps. Two counter effects operate in determining the unwinding kinetics of Val relative to Ala: the backbone is more protected from the destabilizing effect of water molecules due to the presence of y-carbons, as the pair radial distribution functions demonstrate. On the other hand, the bulkier side chain of Val tends to disrupt the tight packing in the helical state.
Fourth, there is a direct correlation between the conformational state of the polypeptide backbone and the loci of water molecules in the close neighborhood, except for pGly. This may be verified from a comparison of the two-dimensional spatial distributions displayed in parts a and b of Figs. 5 and 7. In parts b, which reflect the behavior after the disruption of the helical order, the hydrogen atoms of water These results suggest that the complete unfolding of valine 2454 Biophysical Journal molecules exhibit a strong preference for the region r = 2.0 Doruker and Bahar Residue-Specific and Hydration Effects on a-Helix Unfolding 2455 A, 0 < 400 with respect to the backbone polar groups, which is a geometry suitable for intermolecular hydrogen bond formation, whereas such a preference is hardly distinguishable when the backbone assumes the helical state in part a. Fifth, interconversions between (i, i + 3) and (i, i + 4) hydrogen bonds constitute an important mechanism of a-helix unwinding/winding. The interatomic distances, or the rotational angles 4 and &p of the backbone bonds, are observed to be subject to fluctuations of substantial amplitude throughout simulations. These vibrational motions around the equilibrium state lead to occasional disruptions of the hydrogen bonds (i, i + 4) stabilizing a-helices, which may or may not be restored depending on the simultaneous occurrence of hydrogen bonds stabilizing other structures. Examples for the latter are the hydration of backbone polar groups leading to more extended conformations, the formation of hydrogen bonds between backbone polar groups i and (i + 3) characteristic of 310 helices, or between backbone (CO)i-4 and side-chain (OH)i groups as in the case of serine, or (CO)i_1 and (NH)i+1 around glycine.
